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Edited by Paul BertoneAbstract Single-cell-level behaviors of cells are typically in-
ferred from ensemble measurements. However, such inferences
implicitly assume a biological version of ergodicity: the percent-
age of cells in a state is identical to the probability to ﬁnd a cell
in that state. While the ergodicity does not always hold, it has
been rarely tested. Here, we reveal that the ergodicity does not
necessarily hold even for simple toggle switches and that
apparent stabilities of the switches are due to a balance between
single-cell-level biased stabilities and growth rates diﬀerences.
Therefore, veriﬁcation of the ergodicity and reconstructing sin-
gle-cell-level behaviors are crucial for understanding intracellu-
lar systems.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Genetically clonal cells show substantial non-genetic individ-
uality [1,2], which indicates the importance of the characteriza-
tion of intracellular systems from a single-cell-level stochastic
viewpoint [3–6]. To infer such single-cell behaviors, ensemble
measurements by ﬂow cytometry or image cytometry have
been widely used [3,4,6] because of the technical diﬃculties
in single-cell time-lapse measurements [5].
Despite the popularity of the ensemble measurements, infer-
ences from the ensemble measurements implicitly assume a
biological version of ergodicity: namely, the percentage of
the cell population in a particular state is identical to the prob-
ability to ﬁnd a single cell in that state. Only when this biolog-
ical ergodicity holds, stochastic behavior of a cell can be
inferred directly from a population-level measurement of cells
at the stationary state. However, there are many biological sit-*Corresponding authors, H. Tozaki for experiment and T.J. Kobay-
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example, when the growth rate of each cell depends on its
state, then the stochastic change of the state leads to the heter-
ogeneity of growth rates in a population of cells. This hetero-
geneity in growth rate biases the ratios of cells in diﬀerent
states in a population. In addition, the assumption does not
hold when intercellular interactions exist between cells [7,8]
or underlying single-cell dynamics is complicated [9,10] (see
Supplementary Information S1).
Thus, the validation of the biological ergodicity is crucial
when we infer single-cell behavior from the population-level
observation. In addition, when the assumption does not apply
to a population-level experiment, the real behavior of a single
cell should be reconstructed from ensemble data with mathe-
matical models. Despite this substantial inﬂuence of the
growth-rate diﬀerence to the validity of the biological ergodic-
ity, the growth-rate diﬀerence seems to be underestimated
compared with inter-cellular interactions that attract much
attention, and thus the problem of biological ergodicity has
been rarely tested especially when no intercellular interaction
is expected.2. Materials and methods
2.1. Strains, plasmids, and media
The E. coli strain JM2300 (CGSC strain 5002) and the toggle plas-
mids pTAK131, 132 and pIKE107 were used. When the growth rates
of low- and high-state cells were measured, JM2300 cells carrying the
pBluescript plasmid were used as control cells. The LB (Miller) med-
ium with 100 lg ml1 ampicillin was used in all experiments.
2.2. Induction and long-term culture of toggle switches
Cells were ﬁrstly cultured at 37 C for about 12 h, and then induced
toggle switches to either low or high state as described previously [11].
We call the state in which GFP is expressed dominantly the high state
and we call the other state the low state. After induction to high or low
states, cells were cultured for 50 h at 32 C. The cells were kept in the
logarithmic growth phase by dilution every 5 h. At 5 h and 50 h the
cells were measured by using a Becton-Dickinson FACSCalibur.
2.3. Measuring transition between low and high states
After induction to the high or low states, the high- or low-state cells
were diluted to appropriate densities and cultured for several hours to
obtain a logarithmic growth phase. The high or low state cells wereblished by Elsevier B.V. All rights reserved.
1068 H. Tozaki et al. / FEBS Letters 582 (2008) 1067–1072then mixed at various ratios and cultured for 5 h at 32 C except
pIKE107 which was cultured at 37 C. Changes of ratios of the high-
and low-state cells in 5-h cultures were measured by ﬂow cytometry.
2.4. Measuring growth rates
JM2300 cells carrying pBluescript were used as control cells. After
culturing for about 12 h and dilution to an appropriate density, they
were cultured for several hours in order to obtain a logarithmic growth
phase. The cells carrying the toggle switches, on the other hand, were,
after induction to the high or low state, diluted to appropriate densities
and cultured for several hours. Then the control and the high- or low-
state cells in a logarithmic growth phase were mixed and cultured for
5 h at 32 C except pIKE107 which was cultured at 37 C. Changes of
ratios of the control and high- or low-state cells in 5-h cultures were
measured by ﬂow cytometry.3. Results and discussion
3.1. Testing the biological ergodicity by a mathematical model
and mixing experiment
As a bench mark system for testing the biological ergodicity,
we use the toggle switch [11] (Fig. 1A) because of its simplicity.
In addition, it may show stochastic transition between two
states [12], and has no speciﬁc intercellular interaction in con-
trast to natural switches. We constructed the following math-
ematical model describing stochastic transitions between two
states (high and low) under a condition that the biological
ergodicity holds (see Supplementary Information S2 for the
derivation):
dP l
dt
¼ klhP l þ khlP h;
dPh
dt
¼ khlP h þ klhP l:
ð1Þ
Here Pl and Ph are, respectively, the percentages of cells in the
low and high states, and kl-h and kh-l, respectively, show the
frequencies of ﬂipping from low to high and high to low. Solv-
ing these equations analytically yields
PhðtÞ ¼ eðklhþkhlÞt  klhklh þ khl þ Phð0Þ
 
þ klh
klh þ khl :
ð2Þ
Eq. (2) means that Ph(t) depends linearly on the initial percent-
age of the high-state cells, Ph(0). To test this linear relation
experimentally, the toggle plasmid pTAK131 was used. We
mixed low- and high-state cells in various proportions, cul-
tured the mixed cells for 5 h, and measured the changes in
the percentage of the high-state cells (Fig. 1B). The percentage
of the high-state cells decreased for most of initial conditions,
and the percentage of the high-state cells after 5-h incubation
did not linearly depend on the initial percentage. The similar
non-linear relations were also observed in other toggle switches
(see Supplementary Information S7). This result is not only
quantitatively but also qualitatively inconsistent with the theo-
retical prediction of Eq. (2), suggesting that the biological
ergodicity does not hold.
3.2. Modiﬁcation of model predicts the existence of growth
diﬀerence
This inconsistency may be due to diﬀerence in growth rates
or to intercellular interactions [7,8]. The former is more prob-
able for our system because the toggle switches are not de-
signed to interact with each other intercellularly. To seewhether the diﬀerence of growth rates can explain the inconsis-
tency or not, we constructed a modiﬁed mathematical model in
which both the stochastic transition of the switch and the cell
growth are incorporated as follows (see Supplementary Infor-
mation S3 for the derivation):
dP l
dt
¼ klhP l þ khlP h þ ðgl < g >ÞP l;
dPh
dt
¼ khlP h þ klhP l þ ðgh < g >ÞPh;
ð3Þ
where Ægæ represents the average growth rate of the whole pop-
ulation deﬁned as Ægæ = glPl + ghPh. This equation can be
solved analytically as
P lðtÞ
PhðtÞ
 
¼ exp½ðKþGÞtðPlð0ÞPhð0ÞÞ
T
ð11Þ exp½ðKþGÞtðP lð0ÞPhð0ÞÞT
; ð4Þ
where K ¼ klh khl
klh khl
 
and G ¼ diagð gl gh Þ. The
numerical simulation of this equation showed that the model
can qualitatively explain the non-linear relationship between
the initial percentage of cells and that after 5-h incubation
(Fig. 1C).
3.3. Experimental veriﬁcation of the growth-rate diﬀerence
To experimentally prove and quantify the growth-rate diﬀer-
ence predicted by the modiﬁed model, we compared the
growth rate of low-state cells with that of high-state cells by
using ﬂow cytometry. We mixed high- or low-state cells with
control cells, cultured them for 5 h, and observed the change
of cell proportion (Fig. 2). The ratio of high- and low-state
cells was almost constant for 5 h compared with the change
in the ratio of control and toggle-carrying cells, indicating that
this dynamics is dominated not by inter-state but by inter-cel-
lular growth diﬀerence. Since no switching occurs between the
control cells and the cells with toggle switches, the change in
the percentages of high- or low-state cells and control cells
can be approximately described with the following mathemat-
ical model:
dpi
dt
¼ ðgi  hgiÞpi;
dpc
dt
¼ ðgc  hgiÞpc;
ð5Þ
where c is the index of control cells, and i is either l or h
depending on whether the toggle switch is in the low state or
the high state. These equations can be solved analytically as
ðgc  giÞ ¼ log 11=pcð0Þ11=pcðsÞ
h i
=s.
By using this equation, the growth-rate diﬀerence of the con-
trol cells and the cells with toggle switches can be estimated
from the experimentally observed percentages of the control
cells at t = 0 and t = s. The estimated values were
gc  gh = 0.069 h1 and gc  gl = 0.066 h1. As the diﬀerence
of these values, we have gl  gh = 0.135 h1, which indicates
that the low-state cells grow faster than the high-state cells
and that the diﬀerence is less than 10% of the absolute growth
rate of the low- and high-state cells. The growth diﬀerences
were also observed in the other toggle switches, and veriﬁed
by optical density (O.D.) (see Supplementary Informations
S7 and S5 for more detail). Because the high state has lower
growth rate than the other for all plasmid tested, we think that
Fig. 1. Toggle switch and its transient behaviors at the population level. (A) The scheme of the toggle switch pTAK131. The pTAK131 plasmid
includes the Lac repressor (lacI) and the Ptrc-2 promoter as one promoter-repressor pair and includes the temperature-sensitive lambda repressor
(CIts) and the PLs1con promoter as the other pair [11]. (B) Population-level dynamics of the toggle switch. Ph(t) at t = 5 h as a function of Ph(0). The
individual points represent each experimental data, and blue curves correspond to the numerical solution of Eq. (4). The blue curve was obtained
with klh = 10
3 h1, khl = 10
8 h1, and gl  gh = 0.135 h1. The distributions of the low- and high-state cells at t = 0 and t = 5 h are shown for
individual experimental data. The dashed diagonal line representing Ph(t) = Ph(0) is shown for readability. The reproducibility and generality of this
result was tested in Supplementary Information S6 and S7. (C) Simulated population-level dynamics of the toggle switch with growth-rate diﬀerence.
Ph(t) at t = 5 h as a function of Ph(0) was calculated with Eq. (3) for diﬀerent values of growth-rate diﬀerence, Dg = gl  gh, and a ﬁxed value of the
ﬂipping frequencies. The red and blue curves respectively represent the numerical simulations for negative and positive values of the growth-rate
diﬀerence, which ranges from 0.5 h1 to 0.5 h1.
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growth diﬀerence. While the existence of growth rate diﬀerence
was veriﬁed, it is still unknown whether this very small growth-
rate diﬀerence can induce the qualitative discrepancy between
the theoretical prediction (Eq. (2)) and the experimental data
(Fig. 1B).3.4. Quantitative agreement between the experiment and the
mathematical model
To further verify whether the experimentally observed
growth-rate diﬀerence can consistently and quantitatively ex-
plain the mixing experiment or not, we re-calculated Eq. (3)
by assigning the experimentally estimated growth-rate. Then
Fig. 2. Growth rates of low- and high-state cells (A and B) The percentages of the low-state cells and control cells (cells carrying pBluescript) when
mixed (A) and after being cultured for 5 h (B). (C and D) The percentages of the high-state cells and control cells (cells carrying pBluescript) when
mixed (C) and after being cultured for 5 h (D).
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reproduced not only qualitatively but also quantitatively with
Eq. (3) for certain values of kl-h and kh-l as shown in Fig. 1B
with a blue curve. We also found that the agreement is good
enough when kl-h and kh-l are less than 10
2 h1 (see Fig. S1
in the Supplementary Information). The similar results were
also obtained for the other toggle switches tested (see Supple-
mentary Information S7). This quantitative consistency be-
tween the mathematical model and the experimental data
indicates that the inconsistency between the simplest model
of Eqs. (1) and (2) and the experimental data can be attributed
to growth-rate diﬀerence rather than unknown intercellular
interaction between switches.
3.5. Estimation of switching parameters
Even though growth-rate diﬀerence exists, the biological
ergodicity may hold. Identiﬁcation of the other parameters,
ﬂipping frequencies of the switch and subsequent reconstruc-
tion of the single-cell behavior are indispensable for validating
the biological ergodicity. However, the quantiﬁcation of the
very small ﬂipping frequencies by direct time-lapse measure-
ment is technically diﬃcult because the estimated upper bound
of the ﬂipping frequencies, 102 h1, indicates that we need tomonitor quickly growing single-cells for at least 4 days. We
employed Eq. (3) and the experimental data on the long-term
population dynamics of the cells to further narrow down the
estimated ranges of kl-h and kh-l. When we cultured cells carry-
ing toggle switches induced to the low state, most of the cells
stayed in the low state for a long time (Fig. S3). However, a
small number of the high-state cells appeared soon as shown
in Fig. S3. Since the growth rate of the low-state cells is higher
than that of the high-state cells, this change can be attributed
not to the growth-rate diﬀerence but to the ﬂipping of the
switch. Furthermore, after a small number of high-state cells
appeared, the percentage of high-state cells was kept almost
constant (Fig. S3), indicating that the population is in the sta-
tionary state that corresponds to limtﬁ1(Pl(t),Ph(t)) in Eq. (5).
From the ﬁnal percentage of the high-state cells observed in
Fig. S3 we estimated that klh @ 103 h1 (see Supplementary
Informations S8 and Fig. S4).
On the other hand, we conﬁrmed that toggle-carrying cells
being induced completely to the high state can sustain the high
state for more than 50 h (Fig. S5). It is diﬃcult to distinguish
whether the breakdown of the high state is attributed to a
stochastic ﬂipping of the switch or to contamination of the
low-state cells that escaped from been inducted to high state.
Fig. 3. Reconstructed behavior of the toggle switch (A) The numerically calculated Ph(t) for diﬀerent initial conditions. The red and blue curves
respectively represent the dynamics of Ph(t) in a cell population (Eq. (1)) and a single cell (Eq. (3)) where klh = 10
3 h1, khl = 10
8 h1, and
gl  gh = 0.135 h1. (B) Schematic diagram of the behavior of the toggle switch. Cells in the low state grow fast and switch to the high state
frequently, whereas cells in the high state grow slowly and switch to the low state infrequently. (C) Schematic diagram of the behavior of the toggle
switch inferred under the assumption that the biological ergodicity holds. Cells in the low state switch to the high state infrequently, whereas cells in
the high state switch to the low state frequently.
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that of the high-state cells, contamination of low-state cells
shorten the duration of the high state but never lengthen it.
Thus the result that the high state can be sustained for more
than 50 h deﬁnes the upper bound of the switching frequency
from high to low as khl < 10
8 h1 (see Supplementary Infor-
mations S8 and Fig. S6).
3.6. Reconstruction of the single-cell-level dynamics of the switch
Using Eq. (4) and the estimated values of parameters gl, gh,
kl-h, and kh-l, we theoretically reproduced in silico the behavior
of the toggle switch in a cell population (Fig. 3A, red line) and
the behavior of the toggle switch in a single cell (Fig. 3A, blue
line). The results elucidated that the behavior of a single cell
and a cell population can diﬀer signiﬁcantly. At the single-
cell-level the low state is relatively less stable than the high
state (Fig. 3A, blue line), while at the population level the
low state is apparently more stable than the high state
(Fig. 3A, red line). In the case of the pTAK131 toggle plasmid,
the apparent relative stability at the population level is estab-
lished by the balance between the growth-rate diﬀerence and
biased relative stability of the two states at the single-cell-level
(Fig. 3B and Supplementary Information S9).4. Discussion
4.1. Reconstruction revealed the underlying single-cell-level
behavior of the switch
Our analysis demonstrated that the real single-cell-level
behavior of an intracellular switch can be completely diﬀerentfrom the behavior inferred under the assumption that the
biological ergodicity holds (Fig. 3C). Speciﬁcally, the
growth-rate diﬀerence whose value is less than the 10% of
absolute growth rate can induce the substantial discrepancy
between the apparent relative stability at the population-level
and the real relative stability at the single-cell-level. There-
fore, a criterion to assess the inﬂuence of growth-rate diﬀer-
ence is important to quickly check the possible discrepancy.
A theoretical analysis proves that the maximum discrepancy
is determined by the ratio of the growth-rate diﬀerence and
the sum of the ﬂipping frequencies (see Supplementary Infor-
mation S10 for more detail). When the growth-rate diﬀerence
is less than the twice of the sum of the ﬂipping frequencies,
the maximum discrepancy is limited to be one fourth of their
ratio. Thus, the break of the biological ergodicity by growth-
rate diﬀerence is not negligible when the expected time scale
of the ﬂipping of a switch is much less than the absolute
growth rate of cells.
4.2. Biological implications of biological ergodicity
Since bistability at the population-level has been observed
not only in toggle switches but also in many intracellular sys-
tems [3,11,13–17] the veriﬁcation of the biological ergodicity
and the reconstruction of single-cell-level behavior are also
crucial to fully understand the molecular mechanisms and bio-
logical functions of intracellular bistability in immune cells and
ES-cells. Since the mixing experiment can be conducted to
these cells without serious technological diﬃculties, the com-
bined use of the mixing experiments and the mathematical
model can contribute to reveal the mechanism and strategy
of diﬀerentiation underlying the population-level bistability.
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